Introduction
There are multiple forms of ionizing radiation, including radioactive particles (alpha, beta, and neutrons) and electromagnetic waves (gamma and X-ray radiation). In general, as much as 80% of the external background radiation in the environment is generated from Naturally Occurring Radioactive Materials, NORM (Ramachandran, 2011) , whereas use of radionuclides in nuclear energy, medical industries, Technologically Enhanced Naturally Occurring Radioactive Material (TENORM) from different sources also contribute to the total exposure to ionizing radiation (Miller and Miller, 2016; Nair et al., 2014) . Among the different ionizing radiation types, gamma radiation is one of the most studied due to due to its relevance as an important dose contributor to both man and biota and the relative ease of performing external gamma exposure and dosimetry under well-defined, controlled conditions (Lind et al., 2019) .
Due to public and environmental safety issues, the harmful effects of gamma radiation have been investigated in different organisms from terrestrial higher plant to crustacean, fish and mammals (Kovacs and Keresztes, 2002; Real et al., 2004; Gilbin et al., 2008; Vanhoudt et al., 2010) . It is well established that gamma radiation can induce a range of abnormalities in biological systems if the dose rates and total doses are high enough (Reisz et al., 2014) . For instance, plants and animals living in the Exclusion Zone in Chernobyl and Fukushima suffered acute adverse effects including increased mortality, reproduction inhibition and morphological changes (Geras'kin et al., 2008; Hiyama et al., 2012; Møller et al., 2013) . Aquatic plants exhibit key roles in the ecosystems as primary producers, but also provide shelter and nutrition that sustains important functions for the rest of the ecosystem (Thormar et al., 2016) . Compare to terrestrial non-human biota, aquatic plants may be subject to significant exposure to radiation in case of accidental discharges of radionuclides to their aquatic habitat (Kryshev and Sazykina, 1998; Wada et al., 2016) .
Studies have indicated that gamma radiation may affect the growth of plants through induction of genomic, biochemical, physiological and morphogenetic changes in cells and tissues (Geras'kin, 2016) . One of the initial events is direct energy dissipation and damage to biological macromolecules, such as DNA by introducing single and double strand breaks that can induce cell apoptosis and affect cellular functional responses leading to growth inhibition (González et al., 2012; Manova and Gruszka, 2015) . Radiation also acts indirectly to form reactive oxygen species (ROS) in organisms through radiolysis of water (LaVerne, 2000) . When the antioxidant capacity becomes exhausted, increase in ROS is expected to induce oxidative stress that can trigger biochemical and physiological processes in cells to ultimately inhibit growth (Hameed et al., 2008) . Depending on the dose of gamma radiation, the excessive ROS produced has been demonstrated to directly induce lipid damage (Hameed et al., 2008) , modulate the antioxidant systems (Wi et al., 2007) , and impact various physiological response such as mitochondrial functions (Kovacs and Keresztes, 2002) in plants. Moreover, effects of gamma radiation on photosynthetic activity have been also presented in different studies (McCabe et al., 1979; Gomes et al., 2017) . However, the mechanism about gamma radiation-mediated photosynthetic responses is still unclear. Additionally, cross-talk between ROS and cellular signaling systems as a response to stressors is increasingly becoming recognized to play key cellular and functional roles in plants (Aldon et al., 2018; Mazars et al., 2010) . Although the number of studies documenting effects is steady increasing, only a few studies have systematically documented the linkage between the MoAs and adverse effects of ionizing radiation in primary producers.
In the present study, duckweed Lemna minor was chosen as a model to better understand the effects of gamma radiation on a representative aquatic plant. As a primary producer, L. minor harvests energy from solar light through photosynthesis to generate carbohydrates and oxygen through photosynthesis, and it is an important food source for fish and birds (Landolt and Kandeler, 1987) . Due to its rapid reproduction rate in limited space and ease of maintenance under laboratory conditions, L. minor has become a popular test species for various environmental stressors, including studies with ionizing radiation (Bowen et al., 1962; Van Hoeck et al., 2015) . We hypothesized that gamma radiation enhance oxidative stress and DNA damage as the main molecular MoA, which will collectively perturb a number of physiological mechanisms that ultimately lead to growth inhibition as an adverse outcome at the organism level in L. minor. To evaluate the hypothesis, the present study aimed to identify the causal links between MoA and adversity of ionizing radiation from a cobalt-60 ( 60 Co) source as a prototypical stressor by characterizing changes to ROS production, intracellular concentration of the antioxidant glutathione (GSH), LPO formation, DNA damage, MMP, photosynthesis (photosystem II (PSII) performance, CO 2 uptake), pigment content (Chl a, b and total carotenoids) and intercellular Ca
2+
. The findings were assembled into dose rate-dependent toxicity pathways to aid establishing data-aggregation and datamining frameworks such as Adverse Outcome Pathways (AOPs) for ionizing radiation in primary producers.
Materials and methods

Culture and gamma radiation exposure
Lemna minor used in this study was obtained from Ghent University, Belgium and registered in the Rutgers Duckweed stock cooperative (Strain ID: 5544). The stock culture of duckweed fronds was maintained in glass aquariums, which were placed in a climate-controlled room at 24 ± 2°C with 16 h light/8 h dark irradiation (80 ± 5 μmol photons m −2 s −1
) for three weeks prior to the experiments. The culture medium was SIS medium (OECD, 2006) Gamma radiation exposures were conducted at the FIGARO experimental facility at the Norwegian University of Life Sciences in Ås, Norway (Lind et al., 2019) . Lemna minor was exposed for a total of 7 days to external 60 Co gamma ( 60 Co; 1173.2 and 1332.5 keV γ-rays) in 6-well, clear polystyrene microplate (Corning® BioCoat™, New York, USA), five gamma dose rates combined with a control were run at low dose rate (1-46 mGy/h, n = 6) and one high dose rate (70 mGy/h, n = 4). Dose rates were selected according to the results from previous studies and literatures to capture complete dose rateeffect relationships encompass (Harrison and Anderson, 1996; Hevrøy et al., 2019; Hochmal et al., 2015) , whenever possible. The exposure was repeated three times under the same conditions. For the exposure experiments, microplates were positioned at different distances away from the gamma radiation source corresponding to the dose rates to water (D Water ) ( Fig. 1 and Supplementary Table S1 ). The dosimetry was traceable to the Norwegian Secondary Standard Dosimetry Laboratory (Norwegian Radiation and Nuclear Safety Authority, DSA, Oslo, Norway). Dose rates to water in the center of the 6-well plates were estimated according to Bjerke and Hetland (2014) and used as a proxy for the dose rates to L. minor. Actual dose rates were measured by Optically Stimulated Luminescence (OSL) based dosimetry system using nanoDots dosimeters and InLight microSTAR reader (Landauer®, Velizy-Villacoublay Cedex, France). Nanodots with 5 mm polypropylene build-up caps were exposed in the middle of the 6-well plates to represent the average dose rate (mGy/h) and calculate the total dose (mGy) after 7 days of exposure.
Growth inhibition
The growth rate parameters, frond number, frond size and fresh weight were analyzed essentially as described in the OECD TG221 (OECD, 2006) . The frond area was calculated based on the wholeplant imaging with a floating scale bar by a digital camera (FinePix S2500HD, Fujifilm, Japan). The frond area in each photograph was analyzed using the Image-J software program version 1.48 (National Institutes of Health, Maryland, USA). The fresh weight was measured by weighing all material including fronds and root from one well after drying excessive fluid by a dry lint-free paper tissue.
2.3. Oxidative stress bioassays 2.3.1. ROS formation Direct intracellular ROS production was determined by a fluorescent probe down-scaled into a 96 well format, essentially as described by Razinger et al. (2010) . The fluorescent probe 2,7-Dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Invitrogen Molecular Probe, Eugene, Oregon, USA) was used to determine the ROS formation in L. minor. A 50 mM H 2 DCFDA stock solution was prepared in dimethyl sulfoxide (DMSO) (Purity 99.7%; Sigma-Aldrich, St-Louis, MO, USA) and stored at −20°C until use. The stock solution was dissolved in the SIS medium to reach a final working concentration of 50 μM. Two 200 μl of working solution was transferred to each well of a 96-well microplate (Corning Incorporated, Costar®, NY, USA) containing one L. minor with 3 fronds. The fluorescence was recorded after 1 h probe loading using a VICTOR 3 plate reader, 1400 Multilabel
Counter (Perkin Elmer, Massachusetts, USA) with excitation at 488 nm and emission at 520 nm. The relative fluorescence obtained was normalized by fronds weight and expressed as fold change compared to the control.
Measurement of lipid peroxidation
The oxyl and peroxyl radicals associated with lipid peroxidation (LPO) was measured in L. minor fronds by the fluorescent dye C11-BODIPY 581/591 (Invitrogen Molecular Probe, Eugene, Oregon, USA) as originally described by Cheloni and Slaveykova (2013) with minor modifications by Almeida et al. (2017) . BODIPY is a fatty acid analogue with specific fluorescence properties which can be subject to oxidation by oxyl-radicals together with endogenous fatty acids inside the cellular membrane and thus acts as an indicator of potential LPO (Cheloni and Slaveykova, 2013) . Stock solutions of 5 mM were prepared in DMSO and stored at −20°C until use. The stock solution was dissolved in SIS medium to reach a final concentration of 10 μM working solution and then transferred 200 µl into each well of 96-well microplate containing one exposed colony with 3 fronds. After 1 h staining, fronds were washed by medium and the fluorescence quantified by a Victor 3 plate reader at excitation/emission wavelength of 488/535 nm. The relative fluorescence obtained was normalized by fronds weight and expressed as fold change compared to the control.
Total glutathione (tGSH) levels
The total GSH (tGSH) content was determined using the nonfluorescent cell-permeant probe monochloramine (mBCI) as described elsewhere (Machado and Soares, 2012; Almeida et al., 2017) . This probe reacts with intracellular GSH by forming the fluorescent bimane-glutathione (B-SG) adducts through glutathione S-transferase (GST) catalyzation (Haugland, 2005) . In brief, a stock solution of 5 mM mBCI (Invitrogen Molecular Probe, Eugene, Oregon, USA) in DMSO and 10 U/ml GST in assay buffer (Sigma-Aldrich, United Kingdom) were prepared and stored at −20°C until use. Before staining, 200 μl stock mBCI solution and 2000 μl GST were added to the SIS media to achieve a 50 μM (1 U/ml) working solution. After exposure, one exposed colony together with 200 μl working solution were transferred into the well of 96-well microplate and incubated in the dark for 1 h with orbital shaking. The fluorescence of the probe was recorded by a VICTOR 3 plate reader set to excitation at 405 nm and emission at 488 nm after rinsing the fronds with fresh medium. The relative fluorescence obtained was normalized by fronds weight and expressed as fold change compared to the control.
Comet assay
Genotoxicity was assessed by the alkaline version of the comet assay (Single Cell Gel Electrophoresis) as described by Gichner et al. (2004) , with minor modifications. Briefly, 20 fronds were placed in a Petri dish containing 400 μl of ice-cold extraction buffer (PBS + EDTA) and cut into small pieces with a sterile razor blade to isolate the nuclei. 75 μl of nuclei solution was gently mixed with 50 μl 1% (w/v) low melting point agarose (Invitrogen, Eugene, OR, USA) and the mixture was molded into agarose-coated glass slides (Sigma-Aldrich, Oslo, Norway). Prior to electrophoresis, the slides were placed in an electrophoresis buffer (1 mM EDTA and 300 mM NaOH, pH N 13) for 15 min at 4°C to allow the DNA to unwind. Following denaturation, electrophoresis was performed in the same buffer and in the same conditions at 0.72 V cm −1 and 300 mA for 5 min. After electrophoresis, slides were gently placed into dH20 for 1 min and then rinsed 3 times with neutralization buffer (400 mM Tris buffer, pH 7.5). The gels were then fixed with ethanol (95%) for dehydration and dried overnight. To analyses the DNA damage, slides were stained with 1.5 ml of diluted SYBR Gold (1/5000) (Life Technologies Ltd., Paisley, UK; dilution 1:5000) for 20 min and then washed 3 times with dH 2 O to remove the excess of SYBR Gold. Fifty randomly chosen nuclei per replicate were analyzed under a microscope Olympus IX71 with a CCD camera (Olympus, Tokyo, Japan) equipped with a high-intensity fluorescence illumination system (X-city 120, Excelitas Technologies Crops., Fremont, Canada). The computerized image analysis system OpenComet v1.3.1 was used to measure the tail DNA (% tail DNA = 100 − % head DNA) for the quantification of DNA damage (Gyori et al., 2014) .
Mitochondrial oxidative phosphorylation
The mitochondrial inner membrane potential (MMP) was measured as a proxy for the uncoupling of mitochondrial oxidative phosphorylation (OXPHOS) using tetramethylrhodamine methyl ester (TMRM, Invitrogen Molecular Probe, Eugene, Oregon, USA) following the method of Ehrenberg et al. (1988) and Scaduto and Grotyohann (1999) , with minor modifications for use with plants and algae (Jamers et al., 2009 ). In brief, stock solutions of TMRM (5 mM) were prepared in DMSO and stored in the dark at −20°C until use. Before staining, 2 µl TMRM stock solution was added into SIS medium to achieve 500 nM working solution. After exposure, one L. minor colony with 3 fronds were transferred into the well. The fronds were incubated with TMRM in the dark (2 h, room temperature), fronds were rinsed with SIS medium for 5 min to remove free (unbound) TMRM and transferred 200 μl SIS medium in 96-well black clear-bottom microplates. The fluorescent intensity of TMRM was measured using VICTOR 3 , 1400 Multilabel Counter using the excitation wavelength of 530 nm and the emission wavelength of 590 nm. The relative fluorescence obtained was normalized by fronds weight and expressed as percentage compared to the control.
Determination of photosynthetic pigment content
Pigment content was determined spectrophotometrically, essentially as described by Lichtenthaler and Buschmann (2001) . In brief, 50 mg of whole plants tissue (wet weight) included fronds and roots were collected and homogenized in methanol (Purity: 99.9%, SigmaAldrich, Oslo, Norway) for 30 min, the solution centrifuged at 3000 rpm (10 min) and the absorbance at 652, 665, 470 and 470 nm determined by a UV-vis spectrophotometer (Perkin-Elmer, Lamdba 40, Akron, Ohio, USA) as detailed in Xie et al. (2018) . Chlorophylls content (chlorophyll a and b) and total carotenoids content were calculated according to equations by Lichtenthaler (1987) . Results were normalized to fresh weight and expressed as percentage reduction compare to control.
Chlorophyll a fluorescence
Pulse-Amplitude-Modulated (PAM) chlorophyll fluorescence kinetics was measured simultaneously for all samples by a PAM 2000 fluorometer (Walz, Effeltrich, Germany) as described by Hulsen et al. (2002) . In brief, the L. minor fronds were dark-adapted 30 min before and operating efficiency of PSII (Φ PSII = (F m ′-F t )/F m ′). The Photochemical parameters were calculated as described by Baker (2008) . Nonphotochemical quenching (NPQ) and photochemical quenching (qP) was calculated using equations (NPQ = (Fm-Fm′)/Fm′ and qP = (Fm ′-Ft)/ (Fm-Fo′)). Results were expressed as percentage reduction compare to control.
CO 2 uptake
CO 2 uptake was detected by using an infrared gas-exchange system. In brief, around 20 individual L. minor colonies were collected into a 55 mm petri dish (VWR, Oslo, Norway) containing 5 ml SIS medium. The petri dish was placed into Bryophytes chamber (6400-24 LI-COR, Inc., Lincoln, NE, USA) with an RGB light Source (model 6400-18，Inc., Lincoln, NE, USA) connected to a portable CO 2 analyzer (model LI-6400XT LI-COR, Inc., Lincoln, NE, USA). The CO 2 uptake measurements were performed with a CO 2 concentration of 400 μmol mol −1 , a temperature of 24°C and a photon flux density of 100 μmol m −2 s − with equal levels of red, green and blue light. The net CO 2 uptake was normalized to total frond size automatically and presented as percentage reduction compared to the control group.
Determination of intracellular calcium
Fluo-3 acetoxymethylester (Fluo-3/AM) (Invitrogen Molecular Probe, Eugene, Oregon, USA) was used to characterize the intracellular Ca 2+ level, essentially as described by Li et al. (2014) . In brief, a stock solution of 5 mM Fluo-3/AM was prepared in DMSO (Purity 99.7%, SigmaAldrich), 2 μl Fluo-3 of the solution was added into SIS medium to achieve a 500 nM working solution and 200 μl working solution was transferred to each well of 96-well microplate. After 1 h staining in darkness at 4°C, fronds were rinsed and placed into a new microplate with 200 µl clean SIS medium and the fluorescent intensity was measured by the microplate reader VICTOR 3 plate reader with the wavelength 488/520 (excitation/emission). The fluorescence of the exposure media in combination with the dye (without the presence of fronds) was also analyzed and the resulting fluorescence subtracted. The relative fluorescence obtained was normalized by fronds weight and expressed as percentage induction compared to the control.
Data treatment and statistical analysis
All statistical and graphical analysis were conducted in GraphPad Prism version 6 (GraphPad Software, La Jolla, California, USA). The results are presented as the mean replicates ± standard error. ShapiroWilk and Levene's tests were applied to test normality and homogeneity of variances, respectively. Differences between controls and treated samples were analyzed by one-way ANOVA followed by Dunnett's multiple comparison test using a threshold of p b 0.05 for significance to characterize the No Effect Dose rate (NOEDR) and Lowest Effect Dose rate (LOEDR). Non-linear regression was used to estimate the doseresponse relationships from zero to 100% to estimate the dose rate causing 10% and 50% Effect Dose Rate (EDR 10 and EDR 50 ). A principal component analysis (PCA) was applied to the full data set to characterize relationships between endpoints using XLSTAT2018 (Addinsoft, Paris, France). The same software was used to calculate Pearson's correlation coefficients as an estimate of the strength of association between the different endpoints (p b 0.05).
Results
Growth inhibition
After 7 days exposures, gamma radiation caused a dose ratedependent reduction in L. minor growth. As much as 70% inhibition in frond number (FN), 60% inhibition on frond size (FS) and 50% inhibition in frond fresh weight (FW) was observed at 70 mGy/h (Fig. 2) . Estimated EDR 50 for FN, FS and FW ranged between 32 and 125 mGy/h, whereas NOEDR and LOEDR ranged between 14 and 24 mGy/h for the different growth parameters, respectively (Table 1) .
Oxidative stress (ROS and tGSH)
A dose rate-dependent response relationship was observed in oxidative stress parameters after 7 days of exposure (Fig. 3) . Both cellular ROS formation and LPO increased 2.5-fold at 70 mGy/h compared to control (Figs. 3A and 4B), whereas maximal induction of tGSH occurred at 46 mGy/h (Fig. 3C) . The NOEDR and LOEDR ranged between 14 and 23 mGy/h for cellular ROS and LPO formation, respectively (Table 1) . The tGSH induction was higher than controls at the lowest dose-rate and therefore yielded a NOEDR and LOEDR of b1 mGy/h and 1 mGy/h, respectively (Table 1) .
Lipid peroxidation (LPO) and DNA damage
Lipid peroxidation (LPO) induced by increased gamma radiation dose rates was observed after 7 days of exposure (Fig. 3C) . At 70 mGy/h, lipid peroxidation increased over 2-fold compared to control. The Comets assay result presented a dose rate-dependent DNA damage (percent of tail DNA) after exposed to gamma radiation. Maximum DNA damage occurred at 70 mGy/h (Fig. 4) . The EDR 50 for DNA damage was predicted to occur at fairly high dose rates (146 mGy/h). Both LPO and DNA damage had NOEDR and LOEDR ranged between 14 and 24 mGy/h, respectively (Table 1) .
Mitochondrial inner membrane potential
The MMP was reduced in a dose rate dependent manner after exposure for 7 days. At the highest dose rate of 70 mGy/h MMP was reduced as much as 40% (Fig. 5A) . The 7 day EDR 50 of MMP was estimated to be 145 mGy/h, whereas the NOEDR and LOEDR for MMP ranged between 14 and 24 mGy/h, respectively (Table 1) .
Intracellular Ca 2+ level
A dose rate-dependent increase in intracellular Ca 2+ accumulation was observed after exposed to gamma radiation. Intracellular Ca 2+ level increased as much as 60% at 70 mGy/h (Fig. 5B) . The EDR 50 of induction of Ca 2+ was at 39 mGy/h, whereas NOEDR and LOEDR ranged between 1 and 14 mGy/h, respectively (Table 1) . Fig. 2 . Growth inhibition measured as (A) frond number (FN), (B) frond size (FS) and (C) fresh weight (FW) in Lemna minor exposed to gamma radiation for 7 days (Mean ± SEM). Dotted line indicates the control level and the solid line shows the fitted non-linear regression curve, whereas the asterisk (*) indicates significant differences compare to the control. 
Pigments
Chl a and b concentration decreased in a dose rate dependent way after 7 days' exposure to gamma radiation. Maximal reduction of chlorophylls and total carotenoids content was at 70 mGy/h ( Fig. 6A and B). Significant suppression of carotenoids content was observed at 24 mGy/h, with a maximum decrease of 20% at 70 mGy/h. The EDR 50 of chlorophylls were typically between 71 and 114 mGy/h, and the NOEDR and LOEDR ranged between 1 and 14 mGy/h, respectively (Table 1) . No NOEDR and LOEDR for carotenoids were detected in this study ( Fig. 6C and Table 1 ).
Inhibition of photosynthesis and PSII performance
Photosynthetic CO 2 uptake decreased with increasing dose rate after 7 days' exposure to gamma radiation, and 70 mGy/h caused as much as a 60% reduction in CO 2 uptake (Fig. 7) . Estimated EDR 50 was 53.2 mGy/h, whereas the NOEDR and LOEDR were 1 mGy/h and 14 mGy/h, respectively (Table 1) . Of the PSII parameters measured, F v / Fig. 3 . Change in oxidative stress determined as (A) ROS formation, (B) total Glutathione (tGSH) and (C) lipid peroxidation (LPO) in Lemna minor after 7 days' exposure to different dose rates of gamma radiation. Dotted line indicates the control level and the solid line shows the fitted non-linear regression curve, whereas the asterisk (*) indicates significant differences compare to the control. F m and Φ PSII decreased 40% and 50%, while NPQ and qP decreased over 60% at the highest dose rates (Fig. 8) . Estimated EDR 50 of F v /F m , Φ PSII , qP and NPQ were 156.3 mGy/h, 67.5 mGy/h, 62.4 mGy/h and 50.4 mGy/h, respectively. The LOEDR for Φ PSII were 24 mGy/h while the 3 other parameters displayed a LOEDR of 14 mGy/h (Table 1) .
Principle component analysis
The two principal components (PC1 and PC2) explained as much as 89.4% of total variance (Fig. 9) . All the variables related to the PC1 showed a clear separation between the low and high gamma dose rates, which explained 89.41% of total variance. For the PC1, the growth reduction (FN, FA and FW), PSII parameters (F v /F m , Φ PSII and qP), and pigments content were all associated with low gamma radiation dose rates (0, 1 and 14 mGy/h). However, the correlation between exposure and ROS formation, LPO and DNA damage were associated with the higher gamma radiation dose rates (24, 46 and 70 mGy/h). Pearson correlation analysis (Supplementary Table S2 ) demonstrated that the inhibition of growth (FN, FA and FW) , inhibition of PSII efficiency and reduction of net photosynthesis (CO 2 uptake) and MMP were positively correlated, but inhibition of growth was negatively correlated with induction of oxidative stress (ROS and tGSH) and damage (LPO and DNA damage) (Supplement Table 1 ). The PC2 only explained 8.2% of total variance, two main groups separated by PC2 were tGSH and Ca 2+ from DNA damage, LPO and ROS.
Discussion
This study aimed at providing mechanistic insight into how gamma radiation affected key processes at the cellular or organ level, and how these perturbations led to inhibition of growth and reproduction in the aquatic primary producer L. minor. In the present study, we determined the effects of gamma radiation on ROS formation, oxidative damage (LPO), DNA damage, uncoupling of OXPHOS, photosynthesis (CO 2 -uptake, PSII parameters including F v /F m , Φ PSII , NPQ, qP), antioxidant (tGSH), pigments (Chl a, Chl b and total carotenoids) and Ca 2+ content, and how these parameters were associated with changes in frond development and reproduction. The results from the presented study clearly demonstrated that gamma radiation caused a number of physiological changes that were dose rate-dependent. The different results are presented in subsequent sections to characterize the potential causal relationships between MoAs and adversity ( Fig. 10) .
Growth inhibition
Gamma radiation had a negative impact on L. minor growth assessed by three different, but related endpoints including frond number, frond size and frond weight (Table 1) . Although a dose rate-dependent inhibition was observed in all three growth endpoints, the EDR 50 data suggested that FN was less sensitive than FW and FS, and indication that inhibition of fronds development (size and weight) occurred before reproduction (e.g. FN). Inhibition of frond size and weight can be caused by the reduction of frond cells number and volume as consequences of the interaction of senescence-rejuvenation cycles (Severi and Fornasiero, 1983) . The current growth responses on L. minor were found to be more sensitive than Van Hoeck's study et al. (2015) , which may indicate that different exposure systems included strains, medium compositions, light conditions, and pH may also influence the overall sensitivity of L. minor to stressors (Hodgson, 1970; McLay, 1976; Vidaković Cifrek et al., 2013) . Interestingly, Species Sensitivity Distributions (SSD) data for 9 terrestrial plants (Garnier-Laplace et al., 2013) suggest that the EDR 10 for the growth endpoints in L. minor (15-21 mGy/h) is much lower than Hordeum sp., Fagopyrum esculentum and Triticum monococcum, and confirm that L. minor is susceptible to external gamma radiation.
Oxidative stress 4.2.1. Generation of ROS and depletion of tGSH
The present study demonstrated that exposure to gamma radiation dose rates above 24 mGy/h significantly enhanced cellular ROS production in L. minor. After exposure, radiolysis can directly generate ROS including hydroxyl radicals (·OH), superoxide anion (O 2 − ), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ) production in plants (Tripathy and Oelmüller, 2012) . Beside radiolysis, endogenous ROS are usually produced as a consequence of aerobic metabolic processes in plants, such as photosynthesis and respiration (Reisz et al., 2014) . In the chloroplasts, the reaction centres of PSI and PSII are the major sites for ROS formation (Asada, 2006) . ROS such as H 2 O 2 is mainly generated in PSI by the Mehler's reaction (Mehler, 1951) , whereas triplet state oxygen ( . Proposed toxicity pathway network for ionizing radiation induced growth inhibition in primary producers. Blue arrow indicated the low dose rate effect (1, 14 mGy/h) and the red arrow indicate the high dose rate (24, 46, 70 mGy/h) effects marked endpoints were detected in this study while white marked endpoints were included based on literatures. Endpoints measured in this study were marked in red text.
of superoxide radicals' formation (Kozuleva and Ivanov, 2016) . Such an increase in mitochondrial ROS formation may induce cell damage through a series of events involving O 2 -interaction with protein ironsulfur (Fe\ \S) clusters that induce generation of highly reactive hydroxyl radicals ( • OH) by the Fenton reaction (Liochev and Fridovich, 1994 ) and ultimately damage mitochondrial lipids (Martínez-Reyes and Cuezva, 2014) . In plant cells, the ROS level is regulated by ROS scavenging pathways involving enzymatic and non-enzymatic antioxidants (Choudhury et al., 2013) . Normally, the radicals formed by ionizing radiation will be rapidly eliminated by the antioxidant defence mechanisms (Reisz et al., 2014) . In this study, induction of the antioxidant tGSH was identified to be the most sensitive response to gamma radiation (LOEDR = 1 mGy/h), thus suggesting that inducible cellular non-enzymatic antioxidants are key to the cellular defence against ROS-associated damage at low dose rates. In general, GSH is an essential metabolite with multiple functions in plants (Greenberg and Demple, 1986) and has been proposed to protect cells from oxidative damage such as that formed by ionizing radiations-induced H 2 O 2 (Noctor et al., 2012) . Interestingly, lack of a strong correlation between GSH and ROS formation (≤0.95) indicate that other antioxidant defence systems might also be involved in the protection against ROS-associated damage in L. minor. For example, superoxide dismutase (SOD), being responsible for the conversion of O 2 -to H 2 O 2 , was the most sensitive antioxidant enzyme defence response determined in L. minor when exposed to gamma radiation (Van Hoeck et al., 2015) . It's therefore likely that L. minor maintains a highly efficient ROS scavenging and inducible antioxidant enzymatic defence that limit direct ROS-induced damage at low dose rates.
DNA damage
Direct DNA damage through energy dissipation and oxidative damage is considered an important MoA for gamma radiation as well (Teoule, 1987; Imlay and Linn, 1988) . In the present study, significantly increased DNA damage was observed from 14 mGy/h after exposed to gamma radiation. Elevated DNA damage at 14 mGy/h could be mainly due to the direct ionization by gamma radiation since no increase ROS formation was observed at this dose rate. However, induction of ROS was clearly correlated to DNA damage at higher dose rates to suggest adversity being linked to ROS-induced oxidative stress in L. minor. In plants, unrepaired DNA damage can potentially affect cellular functionalities by disturbing DNA replication and transcription, which can lead to the growth reduction (Manova and Gruszka, 2015) .
Lipid peroxidation
When cellular ROS production exceeds the antioxidant capacity, ROS will cause damage to lipids (Najafi et al., 2014) , and such damages are often localized close to the site of origin due to the high reactivity and short lifespan of many types of ROS (Asada, 2006) . In plants, the membranes of chloroplast and mitochondria are likely the main targets for gamma-induced ROS through the production of lipid hydroperoxides (Shadyro et al., 2002) . In the present study, significantly increased LPO was observed from 24 mGy/h and positively correlated to ROS formation. In addition, LPO was negatively associated with PSII efficiency and MMP, which suggested that LPO can potentially disturb the intracellular functions by perturbed the membrane bilayer or induced membrane degradation in both thylakoids and mitochondria (Halliwell, 1987; Ademowo et al., 2017) .
Mitochondria membrane potential (MMP)
Oxidative phosphorylation (OXPHOS) produces ATP as a primary form of energy in aerobic organisms. Additionally, OXHPOS is also a source of ROS, as approximately 1-2% of oxygen consumed during physiological respiration is converted into superoxide when electrons prematurely leak from the electron transport chain (ETC) and are aberrantly transferred to molecular oxygen (Zorov et al., 2014) . In this study, MMP was used as an indicator for uncoupling of OXPHOS and it was significantly inhibited at similar dose rates as many of the oxidative stress endpoints (LOEDR = 24 mGy/h). In general, MMP decreased indicated a reduction of ATP generation in mitochondria since MMP was an intermediate form of energy storage which is used by ATP synthase to make ATP (Zorova et al., 2018) . The finding that reduction of MMP was correlated with the induction of ROS formation and LPO demonstrate that inhibition of MMP can be associated with oxidative damage to the mitochondrial membrane. Otherwise, ROS is also a key regulatory factor of the TCA cycle and OXPHOS in mitochondria (Liemburg-Apers et al., 2015) . Moreover, ROS is proposed as well to trigger mitochondrial permeability transition pore (mPTP) formation in certain terrestrial plants (Panda et al., 2008) which may lead to loss of the electrochemical potential and uncoupling of OXPHOS.
Free intracellular calcium
Intracellular calcium ion (Ca 2+ ) is one of the most important secondary messengers involved in a number of signal transduction pathways in plants (Tuteja and Mahajan, 2007) . The present study demonstrated that gamma radiation caused a dose rate-dependent increase in intracellular calcium in L. minor from 14 mGy/h, and the increased Ca 2+ was positively correlated to the induction of ROS formation, inhibition of MMP and photosynthesis process (F v /F m and CO 2 uptake). This coheres well with findings that cytosolic free Ca 2+ increased in fruits and vegetables exposed to gamma radiation (Shah, 1966) . Previous studies have suggested that ROS is an important trigger for the change in intercellular Ca 2+ level by affecting the permeable cation channels, calcium-binding domains in NADPH oxidase or endoplasmic reticulum (Schäfer and Nagy, 2006; Chaurasia et al., 2016) . Increased Ca 2+ level in chloroplasts has been suggested linked to a reduction on NAD kinase NADK2 that is involved in the synthesis of chlorophylls, NADP + , and thus lead decrease in photophosphorylation (Hochmal et al., 2015) . In addition, increase in intracellular Ca 2+ may induce K + release in guard cells that induce stomata closure and reduction of CO 2 uptake (Allen et al., 2001) . Interestingly, Ca 2+ has been implicated in radiation-induced bystander effects where increased intracellular calcium is suggested to induce mitochondrial Ca 2+ enrichment, reduction of the mitochondrial membrane potential, induction of ROS formation and activation of MAPK pathways involved in cell apoptosis (Lyng et al., 2006; Najafi et al., 2014) . Although causal relationships between increased intracellular Ca 2+ levels and other MoAs leading to adverse effects in L. minor was not clearly demonstrated herein, the potential roles in ROS formation, uncoupling of OXPHOS, regulation of stomatal closure and programmed cell death clearly warrant further studies.
Chlorophylls and total carotenoids
As the main light-harvesting pigments, chlorophyll a and b are very sensitive to environmental changes and thus reliable indicators of stress (Havaux, 2014; Hu et al., 2013) . In the present study, the chlorophyll content decreased significantly at low dose rates (LOEDR = 14 mGy/h) and were associated with the inhibition of PSII performance. In chloroplast, degradation of chlorophyll in light harvesting complex II (LHC II) can directly reduce PSII efficiency, since chlorophylls are the main pigments of LHC II (Lawlor and Tezara, 2009) . Moreover, loss of chlorophyll can also cause destruction of thylakoid membranes, resulting in discoloration and necrosis in plant cells (Agostinetto et al., 2016) . The reduction of chlorophylls content can be potentially related to the inhibition of chlorophyll synthesis due to the gamma radiationinduced dephytolization and pheophytinization (Saha et al., 2010) . Additionally, increase in chlorophyllase-mediated degradation can also reduce the chlorophyll content (Santos, 2004) . The observed differences in sensitivity of chl a and chl b after exposure to gamma radiation might thus be due to selective biosynthesis reduction or precursors degradation (Ling et al., 2008) .
Total carotenoids are normally considered to be the first line of plant defence against the formation of ROS in the chloroplast which can quench 1 O2 as well as excited chlorophyll (3Chl) through either thermal deactivation or oxidation (Ramel et al., 2012) . Thus, the increase in carotenoids observed at 24 mGy/h can potentially be caused by antioxidative reactions in chloroplast, while the reduction at high dose rates might be related to gamma radiation-induced damages. In higher plants, carotenoids not only act as antioxidants, but also play as accessory pigments in light harvesting process (Hashimoto et al., 2016) . The observed reduction of carotenoids can thus be causing inhibition of the light-harvesting capacity and explain some of the decrease in total photosynthesis. 4.6. Photosynthesis 4.6.1. Photosystem II (PSII) performance
Significantly decrease in PSII efficiency parameters (F v /F m and Φ PSII ) in L. minor were observed from 24 mGy/h after exposed to gamma radiation, whereas the EDR 50 of Φ PSII (67 mGy/h) was much lower than F v / F m . The decreased PSII efficiency after exposure in L. minor indicated PSII functioning was affected by gamma radiation. In the study by Cha-um et al. (2009) , PSII efficiency was positively related chl a content in rice. In the present study, decreased Chl a observed from 14 mGy/h might be one factor triggered the PSII inhibition. Additionally, negative correlation between PSII efficiency and ROS formation was also observed and indicated the PSII inhibition in L. minor can be potentially due to the induction of oxidative stress in thylakoids. Previously studies have proved that decrease of PSII efficiency can be caused by the ROS-induced damage on thylakoids membranes which block electrons transport out of the receptors (D1 and D2 proteins) in PSII reaction centers (Nishiyama et al., 2011) .
Photochemical quenching parameter (qP) decrease from 24 mGy/h suggested that high dose rates of gamma ration can induce a downregulation of the open reaction centers in PSII, which directly reduce of light energy capture and electron transport to inhibit photosynthesis (Adams et al., 2013) . Otherwise, decreased qP at high dose rates also verified that mechanism NPQ was not sufficient to protect the PSII from damage. Normally, NPQ protect plants from excessive light energy by dissipating it into heat (Lambrev et al., 2012) . After exposure to gamma radiation, the observed decrease in NPQ at 24 mGy/h might be caused by either direct damage to the PSII reaction centres or loss of carotenoids (Frank et al., 2006; Lawlor and Tezara, 2009 ).
CO 2 uptake
In the present study, CO 2 uptake in L. minor significantly decreased from 14 mGy//h after 7 days of exposure. In Calvin cycle, decrease CO 2 uptake can inhibit the formation of glucose by reduce the generation of 3-phosphoglyceric acid (3-PGA) from ribulose-1,5-bisphosphate (RuBP) (Coronado-Posada et al., 2013) . Positive correlation between inhibition of PSII efficiency and reduction of CO 2 uptake indicated PSII performance might partly explain the reduction of net photosynthesis as PSII performance regulated the energy generation (ATP and NADPH) for the Calvin cycle. Otherwise, reduction of CO 2 uptake positively correlated to the ROS formation as well, which suggested the oxidative stress might be also relevant for net photosynthesis. The study by Sedigheh et al. (2011) has presented that ROS increased in chloroplast can inhibit carbon fixation by induce the deactivation of Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) though affect the catalytic site. Another point that deserves consideration is the stomata performance science increased Ca 2+ can induce the stomatal closure which limit CO 2 uptake from the atmosphere (Ward and Schroeder, 1994) . In the review by Gudkov et al. (2019) , gamma radiation can trigger photosynthesis inhibition in terrestrial plants by influence gene expression, lipid composition of membrane, and enzymes activity in Calvin cycle. Our current results confirmed that aquatic plant L. minor had similar responses as terrestrial plants. In addition, the responses data from L. minor provided more evidence on energy supplement and cellular signaling to clarify how gamma radiation interacted photosynthesis in aquatic plant.
Conclusion
The presented study demonstrated that ionizing radiation displays both dose rate-dependent and target-specific responses that seems to be causally related. DNA damage and ROS production were considered the main (initiating) cellular event in L. minor exposed to gamma radiation, which subsequently caused a number of physiological changes leading to growth inhibition. At low dose rates, gamma radiation can induce DNA damage which reduces the frond development. At high dose rates, gamma radiation-induces ROS enhanced oxidative damage in both mitochondria and chloroplasts which may inhibit energy generation in cells and lead to growth reduction finally. For the first time, our data demonstrate that gamma radiation inhibit photosynthesis and increase Ca 2+ level in L. minor. The current study proposes causal relationships between the stressor, the cellular changes occurring, and adverse effects observed and form a basis for developing a number of AOPs (AOPWiki, www.aopwiki.org) to characterize the individual steps on an AOP relevant for ionizing radiation effects in primary producers. However, there are still some gaps in knowledge such as the quantification of enzyme activity, proteins damage, energy generation in chloroplast and mitochondria together with the cell apoptosis that still require additional analysis.
